Abstract Relationships among numerous specimens of Drepanocladus angustifolius (35 specimens), Drepanocladus lycopodioides (71 specimens), and Drepanocladus turgescens (102 specimens) are analysed based on the nuclear internal transcribed spacers 1 and 2 (ITS) and a portion of glyceraldehyde 3-phosphate dehydrogenase (gpd), and the plastid rpl16 G2 intron. Molecular data suggest that neither species is monophyletic as well as significant incongruence among molecular markers. No statistical support for recombination (ITS, gpd) was found. For some D. lycopodioides and D. turgescens specimens, the molecular information even suggests that they belong to the wrong one of these two species. All such specimens were collected in south Swedish areas where the two species are frequently found growing together and where sporophytes are often common. The occurrence of all such specimens only in these geographical areas is statistically unlikely and suggests that hybridisation occasionally occurs here. While molecular information suggests that the species are not monophyletic, geographical signals could be found for both D. angustifolius and D. turgescens.
Introduction
Phylogenetic or phylogeographic studies using mitochondrial DNA at low taxonomic levels have shown that c. 1/4 of animal species display species-level paraphyly or polyphyly (Funk and Omland 2003) . These authors expected that the percentage should be even higher among plants (cf., Rieseberg and Brouillet 1994) . Studies of closely related moss species have repeatedly shown incongruence between molecular partitions or that molecular relationships are incongruent with morphologically circumscribed species (Shaw and Goffinet 2000; Draper et al. 2007 Draper et al. , 2015 Natcheva and Cronberg 2007b; Draper and Hedenäs 2009; Hedenäs 2009 Hedenäs , 2011 Hedenäs , 2015a Hedenäs et al. 2012; Lewis et al. 2014) . Incongruence can therefore be expected relatively often when numerous specimens per species are included in analyses of relationships and can be caused by, for example, insufficient data, rapid diversification, horizontal gene transfer, hybridization, incomplete lineage sorting, convergence caused by natural selection, and variation in evolutionary rates (Wendel and Doyle 1998; Harris 2008) . However, evidence additional to results of phylogenetic analyses is often required to decide which explanation is most likely (Wendel and Doyle 1998) .
While a widespread occurrence of incongruence among data sets in mosses is well documented, the existence of hybridisation as a potential explanation has often been doubted. However, there exists substantial morphological (Natcheva and Cronberg 2004) as well as molecular (e.g. Natcheva and Cronberg 2007b; Harris 2008; Wyatt et al. 2013 ) evidence for interspecific hybridisation in mosses, and hybridisation should thus be seriously considered among explanations for the widespread incongruence. Most species involved in morphologically identified hybrids are acrocarpous, short-lived species (colonists, annual or short-lived shuttles; sensu During 1979 During , 2000 . Less than 20% of the species are long-lived shuttles or perennial, and only three (5%) of the 63 moss hybrids reported were between pleurocarpous species (Natcheva and Cronberg 2004) . Are the few known morphologically identified pleurocarpous hybrids indicative of a true low incidence of hybridisation in this moss lineage? The pleurocarpous mosses include around 40% of moss species diversity, and a much higher number of hybrids would be expected if these are equally common across the moss system. Maybe it is their predominant life strategies rather than the pleurocarpous organisation itself that determines how often morphological hybrids are revealed in nature, since also among acrocarpous species with similar life strategies as pleurocarpous mosses hybrids are rare (Natcheva and Cronberg 2004) . A few specimens included in studies of the pleurocarpous Calliergonaceae genera Loeskypnum, Sarmentypnum, Straminergon, and Warnstorfia (Hedenäs 2011 (Hedenäs , 2015a had ITS or plastid markers that suggested a different relationship than their morphology. Since plastids are maternally inherited in bryophytes (Natcheva and Cronberg 2007a) and morphologically distinguishable hybrids are known between Sarmentypnum exannulatum (Schimp.) Hedenäs and S. trichophyllum (Warnst.) Hedenäs (Sonesson 1966) , one possibility is that hybridization could explain some incongruent patterns in this group (Hedenäs 2011 (Hedenäs , 2015a .
Recent detailed studies of intraspecific molecular variation in the wetland moss Drepanocladus lycopodioides (Brid.) Warnst., using D. aduncus (Hedw.) Warnst. and Drepanocladus turgescens (T.Jensen) Broth. as outgroup, revealed that D. turgescens could not always be molecularly distinguished from D. lycopodioides (Hedenäs and Bisang 2015: Supplementary Online Fig. 2) . Here, this D. lycopodioides sequence data set is combined with that of D. turgescens from Hedenäs (2014) and newly generated sequences of the closely related Drepanocladus angustifolius (Hedenäs) (Hedenäs and Rosborg 2009 ). Together, this provides an excellent data set to study potential incongruence among data sets and to search for evidence of potential hybridisation in a group of pleurocarpous mosses that is not closely related to the earlier studied Calliergonaceae (cf., Huttunen et al. 2012) . Drepanocladus angustifolius, D. lycopodioides, and D. turgesecens are rarely difficult to distinguish from each other by morphology and are therefore also suitable to investigate whether molecular relationships are congruent with the morphologically defined species. The null hypothesis to be tested is that the three morphologically defined species correspond with independently evolving molecular lineages. If molecular and morphological incongruence occurs, could this possibly be explained by hybridisation?
Materials and methods

Plant material
The morphology of the study species was already described in detail (Hedenäs 1992 (Hedenäs , 2003 , and only the most salient features are mentioned here. The three pleurocarpous mosses are medium-sized to large, green to yellowish, and have spots with a golden gloss when dry. The large alar groups are indistinctly delimited and consist of numerous, mostly incrassate cells. Drepanocladus turgescens has straight, strongly concave leaves that narrow suddenly to an apiculus, whereas the other two species have falcate, less strongly concave leaves that are more or less longly acuminate. Drepanocladus angustifolius has relatively narrow leaves with finely denticulate margins and occasional dorsally prorate cells in the distal lamina, whereas D. lycopodioides has very broad leaves with entire or almost entire margins and smooth lamina cells. Drepanocladus angustifolius is known from scattered localities in northern Europe, northern Asia, and North America, D. lycopodioides is restricted to western Eurasia, and D. turgescens occurs in northern to central Europe, northern and central Asia, and North and South America. All three species grow in shallow, more or less calcareous wetlands. In lowland localities, they are mostly found in depressions in rock or soil, in situations that in most years are wet during autumnwinter-spring and periodically dry during summer. In mountain regions, D. angustifolius and D. turgescens in addition occur in late snow-beds that dry out relatively early, or on rocks that are periodically wet from trickling water.
Sequences of 35 specimens of D. angustifolius were newly generated, whereas 71 of D. lycopodioides and 102 of D. turgescens were available from earlier phylogeographic studies (Hedenäs 2014; Hedenäs and Bisang 2015) . Because northern Europe was the focus of the earlier studies, this area is well covered, but other portions of Europe or (D. angustifolius, D. turgescens) outside Europe are also represented. Based on the results of Hedenäs and Rosborg (2009) , two specimens of D. aduncus were used as outgroup in the analysis. The specimens of D. angustifolius are listed in Table 1 , whereas those of the other species are listed in Hedenäs (2014) and Hedenäs and Bisang (2015) .
Molecular methods
The molecular methods used here for D. angustifolius were described earlier (Hedenäs 2014; Hedenäs and Bisang 2015) , and the reader is referred to these works for further details. For the internal transcribed spacers 1 and 2 (ITS), the primers'18SF' and '26SR' (Rydin et al. 2004) or 'ITS4-bryo' (Stech 1999) and 'ITSbryoR' (Hedenäs 2014) were used. For a portion of glyceraldehyde 3-phosphate dehydrogenase (gpd), the primers '1790F' (Wall 2002) , 'GPD68F', 'GPD-460F' (Hedenäs and Bisang 2015) , 'GPD3050Rr' (Hedenäs 2014) , and 'GPD-bryonestedR' (Hedenäs and Bisang 2013) were employed, and for the rpl16 G2 intron (rpl16), the primers 'F71' (Jordan et al. 1996) and 'rpl16-antR2' (Hedenäs 2008) were used.
Paralogous ITS haplotypes are rarely encountered in bryophytes (but see Košnar et al. 2012 ). The ITS chromatograms generated in this study did not show 'messy' patterns or noise that could suggest paralogy, and the 5.8S gene was invariable among all samples (cf., Shaw et al. 2002; Feliner and Rosselló 2007) . The revealed ITS variation is therefore interpreted as not being a result of paralogy.
Sequence editing and alignment
The newly generated nucleotide sequence fragments were edited and assembled for each DNA region using PhyDE partially incomplete data in the beginning and end of the sequences were identified and excluded from subsequent analyses. The few gaps present were coded as present or absent. They provided additional evidence to distinguish haplotypes and were therefore included in the analyses. The sequence alignments used in the analyses are found in Online Resources 1-3. European Nucleotide Archive (EMBL-ENA) accession numbers for D. angustifolius specimens are listed in Table 1 , and GenBank accession numbers for the other two species are found in Hedenäs (2014) and Hedenäs and Bisang (2015) , respectively.
Molecular analyses
A preliminary analysis was made with the program TCS to evaluate relationships among haplotypes (Clement et al. 2000) and to confirm the presence of reticulation that was revealed in the earlier studies (Hedenäs 2014; Hedenäs and Bisang 2015 ; results not shown). Reticulation was confirmed, and NeighborNet (NN) split networks were therefore generated using SplitsTree 4.12.6 (Huson and Bryant 2006) . Jacknife analyses (1000 replications) were performed with the program TNT (Goloboff et al. 2003 ) to test whether there exist supported lineages. The three data partitions were first analysed separately, since the ILD test (Farris et al. 1995; 200 replicates) indicated that the molecular data sets are incongruent (ITS vs. gpd: p = 0.005; ITS vs. rpl16: p = 0.015; gpd vs. rpl16: p = 0.010). However, since no contradictions were found among well-supported branches in the Jacknife trees, the data sets were in addition concatenated and analysed jointly. Finally, the statistical support for potential recombination in the nuclear markers was tested by the U w statistic (Bruen et al. 2006) as implemented in SplitsTree4 (Huson and Bryant 2006) .
Results
After regions at the beginnings and ends of the alignments that were incomplete for some specimens had been deleted, the total number of aligned ITS sites in the 210 studied Drepanocladus specimens, including the two outgroup D. aduncus ones, was 708, including 16 base substitutions (10 informative) and 4 indels (1). For gpd, the corresponding value was 668, with 62 base substitutions (32) and 2 indels (2), and for rpl16, the value was 671, including 7 base substitutions (4) The Jacknife tree based on the concatenated data is poorly resolved (Fig. 1a) . In a NN split network based on the same data, two North American specimens of morphologically D. angustifolius (A1 in Fig. 1b) deviate strongly from the rest of the ingroup. Drepanocladus lycopodioides is found in two separate lineages without (L1-L3) or with (L4-L5) moderate (83) Jacknife support (Fig. 1b) . The D. lycopodioides L1-L3 branch in the split network includes three morphologically D. turgescens specimens from Gotland (P07) and Ö land (PT1002, PT1019) in Baltic Sweden. Most of the D. angustifolius specimens are found in the two lineages A3 and A4 with moderate (80) or weak (67) Jacknife support. A3 includes mainly European specimens plus PT1160 (Yukon) and PT1161 (Greenland) and A4 only North American representatives (Fig. 1b) . In addition, two European specimens (A2) are found in between A3 and A4. Drepanocladus turgescens specimens are found in a 'central' position among the three study species, with some geographical structure (Fig. 1b) . Arctic and most northern Scandinavian specimens are found in haplotypes to the right of several central splits in the network portions encompassing D. turgescens. To the left of these splits, European specimens from S of Scandinavia are found in the upper portion and extra-European specimens in the lower portion, in both cases mixed with Scandinavian specimens.
The NN split networks based on the three individual markers (Fig. 2) show the contributions of the respective markers to the network based on the concatenated data. ITS data (Fig. 2a) contribute most to the split of most D. angustifolius specimens into groups A3 and A4 in the network based on the concatenated data (Fig. 1b) , and also to the weakly supported Svalbard D. turgescens group T2 (Fig. 1b) with specimens PT1104 and PT1106. Five positions in gpd suggest that D. lycopodioides specimens belong to two separate lineages (Fig. 2b) . In one of the five positions (not shown), the samples of one group are mainly similar to D. angustifolius and in the other ones to D. turgescens. Two or three markers place the N Scandinavian and Icelandic D. angustifolius specimens PT1158 (3 markers; Iceland) and PT1131 (2; Härjedalen) separate from other members of the species. The two Californian D. angustifolius specimens PT1163 (3) and PT1164 (2) appeared even more separated from other specimens (Fig. 2) It should be noted that no gpd sequences for D. sendtneri or D. sordidus exist in GenBank. In the ITS network, one specimen of morphologically D. lycopodioides from Gotland, Baltic Sweden (PT190) is found in the lower portion of a D. turgescens branch (Fig. 2a) , the three specimens of morphologically D. turgescens that were found among D. lycopodioides in the concatenated data set are also found at such a position in the gpd network (Fig. 2b) , and in the rpl16 network, the just mentioned D. lycopodioides PT190 is again found among D. turgescens, and one specimen of morphologically D. turgescens from Västergötland, S Sweden (PT1088) is found among D. lycopodioides (Fig. 2c) .
No statistical support for recombination was found (U w statistic: ITS, p = 1; gpd, p = 0.6787; Total nuclear data: p = 0.0854).
Discussion
Neither the individual markers nor the concatenated molecular data set suggest that the three morphologically defined species correspond with three independently evolving lineages. The different molecular partitions and morphology provide partly different signals. This is neither evident from the Jacknife tree based on concatenated data (Fig. 1a) nor from Jacknife trees based on individual markers (not shown), where no clear relationships among the species or specimens are seen. This is not surprising since a tree, a special case of network (Morrison 2014 (Morrison , 2016 , is unlikely to correctly display relationships in cases like the present where relationships are clearly not tree-like. The split networks indicate significant variation among specimens within morphologically defined species and also display relationships among species that are more complicated than suggested by the earlier exemplar-based molecular study which included the three species (Hedenäs and Rosborg 2009 ). Unfortunately, since there is currently no analytical framework for computing rooted evolutionary networks of reasonable sizes (Morrison 2016) , it is not possible to formally test whether the species are monophyletic or not in a network context.
The exemplar-based phylogeny of Drepanocladus suggests that the three study species form a monophyletic group (Hedenäs and Rosborg 2009) , and the present study cannot refute this. Under the present scenario, D. lycopodioides and most of D. angustifolius likely evolved from ancestors among a paraphyletic D. turgescens (Fig. 1b) . Intuitively one would expect that the species deviating have evolved from one of the other two species studied or that they all evolved from the same ancestor. However, it seems like in this case the more commonly occurring leaf shape in Drepanocladus, with gradually narrowed and acuminate leaves, may have re-evolved from the ovate or broadly ovate and upwards suddenly narrowed leaves with a short apiculus that are found in D. turgescens.
The present results are in line with those of Funk and Omland (2003) , who showed that in animals, species paraphyly is a common phenomenon. Besides the present results, there are now numerous bryophyte studies that suggest the occurrence of either species paraphyly, incongruence among different molecular data sets, or between molecular and morphological information within genera or among closely related genera (e.g. Draper and Hedenäs 2009; Hedenäs 2009 Hedenäs , 2011 Hedenäs , 2012a Hedenäs , 2015a Kreier et al. 2010; Vanderpoorten et al. 2010; Hedenäs et al. 2012; Lewis et al. 2014) . Deviations from a tree-like evolution with species evolving in a bifurcating process are therefore not to be considered strange, but are actually often encountered also among bryophytes.
As mentioned in the introduction, it is difficult to pinpoint the mechanisms behind incongruence of the kind found here without additional, independent information (Wendel and Doyle 1998) . Different processes may contribute to varying degrees towards producing a specific observed pattern and the actual causes are therefore difficult to disentangle. In the present study, no statistical support for recombination is present for individual or concatenated nuclear markers. This could suggest that incomplete lineage sorting explains most of the lack of congruence between the morphological species and the different molecular partitions. However, at the same time circumstantial evidence suggests that hybridisation or other mechanisms of transfer of genetic material is at least part of the reason for the unexpected and striking positions of a few specimens in the NN split networks. Transfer of genetic material should be most likely in situations where species grow intimately together. In Scandinavia, this situation is found especially in the Baltic limestone areas for D. lycopodioides and D. turgescens, both of which are frequent and often occur together. Also in Västergötland in S Sweden, both these species occur in a restricted area (Ö sterplana), and joint occurrences in Västergötland were likely more widespread earlier. Drepanocladus turgescens occurred well outside its extant localities after the last glacial period (cf., Wastegård et al. 1996) , and D. lycopodioides was more common before modern agriculture was established in the second half of the 20th Century (the species is now absent on several earlier localities; Hedenäs, personal observation). Drepanocladus angustifolius and D. turgescens can occasionally be found together in some mountain regions, and D. angustifolius and D. lycopodioides can occur together in some boreal lowland regions in northern Finland. However, in none of these cases the species are both as frequent and as frequently growing close to each other or intermixed as D. lycopodioides and D. turgescens in Ö land, Gotland, and to some degree Västergötland. Ö land and Gotland are also the regions where sporophytes are currently frequent in both species in some years, and conditions for the formation also of hybrid sporophytes are thus likely present. All five specimens with molecular identities that deviated from morphology were collected in Ö land, Gotland, or Väster-götland, even if only 61 (29.3%) of the 208 analysed samples were from here. This is an unlikely distribution by chance (Fischer exact p = 0.0019) and suggests that the processes behind are regional rather than species-wide. Thus, incomplete lineage sorting does not seem to be a likely explanation here unless this random process displays regional variation.
Hybrid sporophytes are formed occasionally in some moss species that occur within the Scandinavian distribution areas of the three study species, for example, Sarmentypnum trichophyllum and S. exannulatum (Sonesson 1966) , and Tortella rigens Alberts. and T. tortuosa (Hedw.) Limpr. or T. inclinata (R.Hedw.) Limpr. (Hedenäs 2015b) , and examples of hybrid sporophytes or putative gametophytic hybrids are otherwise abundant (Natcheva and Cronberg 2004) . Since geographical circumstances suggest that hybridization may occur between D. lycopodioides and D. turgescens, it would therefore be highly interesting to grow spores to adult plants as Sonesson (1966) did or to explore the molecular variation among spores of D. lycopodioides and D. turgescens from sites in Ö land or Gotland where both species grow intermixed and sporophytes are sometimes produced. In such a case, a combination of information from nuclear and plastid markers is useful to find potential hybrids. In other approaches, studies of more variable markers, such as microsatellites or isoenzymes, could be helpful to reveal potential cases of hybridisation (e.g. Cronberg and Natcheva 2002) . If hybridisation explains the 'incorrect' placements of D. turgescens PT1088 and D. lycopodioides PT190 in the plastid network, then the maternal parent must have been D. lycopodioides in the first case, and D. turgescens in the second since, as far as we know, chloroplasts are maternally inherited in bryophytes (Duckett et al. 1983; McDaniel et al. 2007; Natcheva and Cronberg 2007a) . Besides hybridisation and introgression, horizontal chloroplast transfer has been shown to occur (Cristina Acosta and Premoli 2010; Stegemann et al. 2012) , although this has not yet been shown to occur in bryophytes.
The molecular data provide a geographical signal within D. turgescens and D. angustifolius that is evident in the split network based on the concatenated data (Fig. 1b) . Such a geographical signal is absent in the western Eurasiatic endemic D. lycopodioides. In D. turgescens, the relationships among N European specimens unsurprisingly reflect the geographical differentiation found by Hedenäs (2014) . In addition, almost all extra-European samples are found, mixed with some European specimens, in a lineage in the lower left of D. turgescens in Fig. 1b . Whereas one major lineage of D. angustifolius (A3) includes only North American specimens, the other (A4) includes almost exclusively European specimens and in addition two specimens from Yukon and Greenland, respectively. Since ITS places the two specimens PT1163 and PT1164 with D. sendtneri or D. sordidus, and most other North American specimens of D. angustifolius are found with PT1164 (Fig. 2a) , this marker suggests that most North American D. angustifolius are related to D. sendtneri or D. sordidus rather than to European D. angustifolius. The two specimens PT1163 and PT1164 (from California) are molecularly clearly different from other specimens of the ingroup also in one of the two other studied markers. Molecular differences between North American and European moss populations within a species are well known (e.g. Shaw et al. 2008; Hedenäs 2012a, b) and suggest that the relationships among North American specimens, and between these and European ones deserve further study for both D. angustifolius and D. turgescens.
Acknowledgements I thank Bodil Cronholm and Annika Bengtson for their efficient laboratory work, and two reviewers for constructive comments.
Compliance with ethical standards
Conflict of interest The author declares that he has no conflict of interest.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://crea tivecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
Information on Electronic Supplementary Material
Online Resource 1. Alignment of ITS sequences in nexus format. The last four positions with data, separated from the rest by an empty position, constitute the indel coding. Online Resource 2. Alignment of gpd sequences in nexus format. The last two positions with data, separated from the rest by an empty position, constitute the indel coding. Online Resource 3. Alignment of rpl16 sequences in nexus format. The last three positions with data, separated from the rest by an empty position, constitute the indel coding.
